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I. INTRODUCTION
In paper I we have carried out calculations with the aim of providing structural and dynamical parameters to be transferred to the study of the polymer of thiophene, polythiophene (PTh) . .The quality and the reliability of the parameters obtained have been discussed in paper I; we then proceed in this paper in the analysis of the dynamics of PTh in relation to its capability of becoming electrical conductor by doping or by photoexcitation. and paradigma of all these studies is polyacetylene to which everybody refers. 9-'2 Based on the concepts and data collected in paper I and on our previous theoretical approach11-12 we treat here the case of polythiophene pristine, doped and photoexcited.
PTh has been prepared by chemical or electrochemical methods. ' . The pristine material has a band gap of 2.0-25 eV as seen from UV/visible spectroscopy and is a good insulator. ' Upon chemical or electrochemical doping PTh can reach an electrical conductivity of 50-100 s/cm.' Two interband transitions are observed in the electronic spectrum upon doping;2 the charge carriers generated upon doping carry a spin for dopant concentration below 3% .3 Upon doping new strong bands appear in the vibrational spectrum '.@' parallel to what happens in the case of polyacetylene. The precise description of the doped species responsible for the conductivity has not yet been reached in spite of the many theoretical and experimental attempts. The most accepted view, at present, is that spinless bipolarons are formed for doping concentrations > 3%.' A yet unknown short lived molecular species has been generated by photoexcitation and its electronic and vibrational spectra have been recorded'** and still wait for a systematic interpretation. The interesting fact is that the vibrational spectrum of the photoinduced species is almost superimposable to that of the doping induced one. This paper is organized in the.following way: first, we present the experimental vibrational data which we wish to explain; then we introduce the theoretical concepts on the "effective coordinate W' which we have worked out and tested for polyacetylene' '*12 and we wish to apply to the systems studied in this work. Following this theory the numerical results obtained for PTh are presented and discussed. The discussion starts with pristine PTh and follows with doped and photoexcited PTh. The structure of the charge carrier is discussed in the light of the methods developed for the interpretation of the vibrational spectra of conducting polymers. The spectra of the doped oligomers are also included in the discussion.
II. EXPERIMENTAL DATA
(i) The experimental infrared and Raman spectra for undoped oligothiophenes are taken from Furukawa et al *13,14 the interpretation of these data has been already dis-*, cussed in paper I. From the Raman spectra of the oligomers we extract a feature relevant for the discussion which follows, namely,, the fact that the frequency of the first totally symmetric ring stretching mode near 1500 cm ' is chain length dependent, i.e., shows a "dispersion". with chain length.
As indicated above, the vibrational infrared and Raman (ii) Raman spectra at one excitation wavelength (5 14.5 spectra of these materials represent an important source of nm) (iv) A similar experimental observation have been presented by Steigmeier et aLI for the Raman spectrum of poly(3-methylthiophene) (P3MeTh) excited with different laser wavelengths from 441.6 to 632.8 nm. They report a dispersion of the strong Raman line near 1460 cm I ' from 145Ocm- ' (632.8 nm) to 1470cm- ' (441.6nm) . However these authors neglect a weak scattering which shows dispersionat 1522cm-' (441.6nm) to ~1500cm~- ' (632.8nm) .
(v) PTh has been doped by electrochemical methods using ClO, as counterion.' Spectra were taken in situ in an electrochemical cell by reflection spectroscopy; data are reported as difference spectra thus clearly exhibiting the features induced by doping since the spectrum of the unreacted part has been removed. Chemical doping with iodine of PTh and oligomers was obtained by Cao et ai." Similarly to polyacetylene upon doping a complex new spectral structure appears and dominates the infrared spectrum of the undoped pristine material. Two very strong lines are observed in the ' infrared at 1342-1330, and 1034-1030 cm-I; two strong lines occur at 1203-1200 and 1124-l 100 cm-'; weak lines occur at 841, 729, 679, and 644 cm-'. For the doped oligomers of Ref.
17 Only doped Th, shows spectral features similar to those of doped PTh; shorter oligomers (Th, and Th,) show difficult spectroscopic patterns intermediate between pristine and doped; Th, does not seem to be doped. The intensity enhancement of the doping induced spectrum is not as dramatic as in the case of polyacetylene, as shown by the fact that the strongest IR induced bands are similar in intensity with the very strong out-of-plane deformation of the C-H mode near 786 cm -'. This judgment can be made from the spectra of Cao et al." and of those by Furukawa et a1.'3V'4 which do not report difference spectra.
(vi) The infrared spectrum of a sample of PTh suitably photoexcited by a laser line of 2.5 eV has been reported by Shaffer et al., ' by Vardeny et al8 and by Kim et al. " The frequencies and intensities reported by the three groups do not always agree; while this fact may at first be ascribed to experimental difficulties, it may well have a deeper physical meaning which will be discussed below in this paper. We report the frequencies by the various authors in Table I .
EFFECTIVE COORDINATE vs AMPLITUDE MODE THEORY
Most of the authors who have attempted to understand the vibrational dynamics of polyconjugated systems have adopted the "amplitude mode theory" (AMT) worked out by Horowitz and his school." It has been recently pointed out that AMT does not fmd an immediate relationship with molecular concepts and chemical reality. In the case of polyacetylene the concept of the oscillation of the dimerisation amplitude, U, introduced by Horowitz" parallels the concept of changes of single and double bond characters during a specific normal mode.".'* We have then reformulated the dynamical theory of polyconjugated molecules by defining an "effective conjugation coordinate $I" (ECC) which describes the vibrational trajectory which best favors &C/C-C changes, i.e., which mostly involves G-electron delocalization along the polymer chain."*" The XI coordinate can be defined as a linear combination of internal coordinates (R or 5' of paper I) and can be shown that it belongs to the totally symmetric irreducible representation (Ag in polyacetylene, A, in PTh and in even oligomers of Th; A 1 in odd oligomers of Th) . In the case of polyacetylene all the experimental vibrational data are accounted for'1*'2 in terms of an unique parameter Fz which represents the symmetry force constant relative to the effective coordinate of antisymmetric C-C stretching. FE is the curvature of 'the vibrational potential about the equilibrium geometry of the molecule when the potential is expressed in terms of the effective conjugation coordinate, which for polyacetylene is equal to U.
It has been shown that FE is linear with the energy gap for several polyconjugated organic materials." It is thus possible to extract directly from the vibrational spectra information on electronic properties of these kinds of molecules.
While in polyacetylene the dimerisation amplitude oscillates between two isoenergetic ground state energy minima,9 in the case of PTh the two minima are not equal (Fig.  1 ) , thus solitons cannot be created. Referring to Fig. 1 to the case of polyacetylene we have defined in PTh the "effective coordinate" as that which carries structure A into B.
The XI coordinate for PTh has the following form:
.
where the internal coordinates R 's are defined as shown in Fig. 2 and N be applied either to PTh or to the oligomers as well as to other five-membered heteroaromatic polymers (Ref. 20) . What is physically and structurally important is the calculation of the k = 0 phonon frequencies and amplitudes as function of FE. vi/F= curves have been generally called "dispersion" of the totally symmetric modes.
It has already been shown for the case of polyacetylene"~'2 that from the vi/FE the following information can be derived:
(i) Since F, reflects the extent and distance of %-electron delocalization along the chain (and is related to electron/phonon coupling) oligomers and polymers have different values of FR ; it follows that the resonance enhanced totally symmetric Raman active modes of oligomers and polymers should lie along the vi/FR curves.
(ii) From the calculation vibrational displacements are obtained, thus providing a quantitative estimate of the contribution by the coordinate ZI in each phonon along the various vi/Fn branches. It has been shown"~'2~21~22 that theintensity of the resonance enhanced Raman lines are proportional to I& 1'. It is thus possible to estimate the behavior of the intensity of the Raman lines as function of F,. Also for PTh the same concepts apply in the interpretation of the infrared spectra induced by doping or by photoexcitation (see below).
IV. DISPERSION OF A, MODES OF POLYTHIOPHENE
Calculations have been made of the frequencies and vibrational amplitudes of k = 0 phonons of A, species as function of FE for PTh, DPTh, and 13C-PTh (Fig. 3) . The calculation of vi/Fs modes have been carried out with symmetrized coordinates S,. of A, species which explicitly include the R coordinate as one of the $.
For obtaining a set the frequencies closer to the experimental data the values of the parameters of the potential Fs (A, ) are refined by least squares to the Raman data of the pristine PTh, DPTh, and 13CPTh. The starting set of 1"; (A* ) has been obtained from the scaled MNDO values as discussed in paper I.
In this paper C-H stretching modes, even if routinely calculated, are neglected also because no experimental data are available for a detailed study.
Let vi (i = l-6) label the branches in the vi/Fn plot of Fig. 3 . The dependency of the A, modes from rr elec.tron delocalization is directly given by the curves of Fig. 3 . Thus we learn that starting for large values of FE v, is mostly pure Z, fully decoupled from the other modes, thus resulting in the strongest Raman line. When the value of F, decreases v1 shows a very strong and almost linear dispersion approaching the other branches. At a certain value of Fs ( z 5.5 mdyn/A) coupling of v, with the other modes takes place with the repulsion of vibrational levels, coupling of coordinates and consequent redistribution of the Raman intensity. At smaller values of Fs (i.e., larger effective delocalization) the largest contribution of XI is found for v4 and vs at lower frequencies.
Let us transfer these predictions to the real case of oligomers and polymers of thiophene. According to the concepts discussed above, for the oligomers q delocalization is really occurring in longer oligomers v1 should show some dispersion while the others branches should be practically unaffected. Moreover the, intensity of v, should decrease with increase of conjugation length with a barely appreciable increase of the other modes. This prediction is fully verified by the experiments discussed both in papers I and II. Following the dispersion branches, we find the totally symmetric experimental frequencies of pristine PTh at FE ~5.3 mdyn/A thus showing that conjugation is larger than in the oligomers we have studied. In Sec. II, paragraphs (iii) and (iv), we report the observation of a weak Raman line at 1495 cm -* for PTh and 1520 cm _ ' for P3MeTh whose intensity depends on the excitation wavelength being stronger with shorter exciting wavelength. The theory of ECC allows us to state that the observed effect has to be dtie to an increase of the value of FsI which affects v,. An increase of Fn originates from a confinement of v electrons possibly due (i) to the existence of shorter PTh chains and/or (ii) to a disruption of conjugation because of the rotation of the thiophene rings out of coplanarity. 23 Case (i) would suggest the existence of a distribution of cinjugation lengths as. observed in polyacetylene;34 case (ii) would show that the sample contains fractions of material with conformational defects.
V. DOPING INDUCED INFRARED SPECTRA .
A. Polythiophene
The experimental observations have been already presented in Sec. II, paragraph (v) . ECC allows an immediate approach to the interpretation of the observed spectra. When a charge transfer bond is obtained uponp or n doping a conjugational defect is generated, thus altering the original Z-electron distribution while the polymer becomes an electrical conductoF. Independent qfthe type of charge carrier generated upon doping, domains with "quinoid structure" (structure B in Fig. 1 ) are introduced in an otherwise "aromatic" structure A. The dynamical effects of such conjugational defects can be represented by values of Fs different from those discussed before for the pristine material. We take Fs as a parameter which measures the electronic perturbation on the polymer molecule by the dopant or an overall effective conjugation length. One can move along the dispersion curves of the A, modes towards values of FE lower than those of the pristine molecule.
As discussed elsewhere"*" upon doping or photoexcitation the lattice becomes highly polarized, i.e., charges are displaced within the molecule and vibrational dipole strength is gained thus giving very strong IR activity to originally IR silent modes in the pristine material. With regards to the frequencies since FE describes an overall change in the electronic structure which occurs upon doping, the experimental observed frequencies must lie on the vi/FE dispersion curves depending on the dynamical conditions of the system. In the calculations presented here the mode is dispersed with FE and crosses (i.e., couples) the vi branches at various values of Fn. The value of Fn which more satisfacto-rily reproduces the observed frequencies and intensities in IR is between 3-3.5 mdyn/A. From Fig. 3 we derive the frequencies of the modes at 1308-1297, 1082-1054, and 1048-988 cm -I (F sI ~3.5-3.0) to be compared with the experimental ones at 1308-1342 (strong), 1124-1100 (strong), and 1034-992 (strong) cm -'. The absorption intensities as predicted from the eigenvectors (see above) are reported in Fig. 4 , owing to the limitation of the calculations the fitting can be considered satisfactory.
B. Doped oligomers and the size of the conjugational defect As reported in Sec. II, paragraph (v), the infrared spectra of the iodine doped oligomers have been reported by Cao et al" These experiments are extremely relevant in the light of the ECC for the determination of the size of the charge carrier associated to the conjugational defect.
From Fig. 3 one notices that the branch V~ in the calculated dispersion v[/F, is extremely sensitive to small changes of F=, thus providing a sensitive probe for the extent and distance of conjugation along the polymer chain. First, we notice that the spectral pattern of doped PTh is practically identical to that observed for doped ThS, while for shorter oligomers the pattern quickly disappears. The observed value of lrq for ThS ( 1036 cm -') is slightly large than that ob- conclusion is that FR has not changed much from ThS to PTh, thus immediately providing the information that (i) the defect is highly conlined, (ii) is not dynamically and electronically coupled with the host lattice, and (iii) is short, namely of =: 5 thiophene units or with an effective conjugation of z 5 units. The extrapolation from the oligomer to the polymer on the size of the defect is based on the assumption that the defect (structure B - Fig. 1 ) be embedded in l-d lattice with structure A. This fact should occur at low doping concentration. The spectra of doped samples obtained in situ during electrochemical oxidation are identical in frequencies at low or high concentration of defects, thus showing that a strong confinement of the conjugational defect does take place.
VI. PHOTOEXCITED INFRARED SPECTRA OF POLYTHIOPHENE
Further information on the nature and confinement of the conjugational defects comes from the infrared spectrum of PTh recorded during photoexcitation. If, in a first approximation, we neglect the slight discrepancies in the frequencies and intensities reported by the various authors, it can be stated that the spectral pattern of photoinduced IR spectra are identical ~tiith that induced by doping. Application of ECC theory leads us to conclude that the conjugational defect generated by laser irradiation is the same as that generated by doping, namely, that z 5 thiophene rings are involved in the perturbation induced by light of a suitable wavelength. The small differences in the reported spectra may be ascribed to chemical and structural inhomogeneity of the samples, i.e., to a distribution of conjugation lengths [see Sec. II, paragraph (iv) 1.
The strong confinement of the charge carrier is clearly indicated by the practical identity of the spectra of the photoinduced species with that of the doped material.
VII. THE MOLECULAR STRUCTURE OF THE CHARGE CARRIER AND SPECTROSCOPIC ACTIVITY
From the experimental and theoretical data of the previous sections one can infer the structure of the conjugational defect, i.e., of the charge .carrier.
The fact that the observed vibrational frequencies of the doped or photoexcited materials lie along the theoretical curves vi/F= means that the delocalization of the r electrons has moved from the aromatic (A) structure to the quinoid (B) structure, i.e., the charge carrier has a quinoid structure as supported also by quantum chemistry." So far from vibrational data alone no distinction can be made whether the carrier is a polaron or a bipolaron. The existence of a bipolaron (i) is not inconsistent with the observed IR and Raman data, (ii) is supported by the electronic spectrum, and (iii) provides an experimental F, in good agreement with calculations on doped oligomers carried out in our laboratory.25
VIII. CONCLUSIONS
The numerical parameters calculated in paper I from MNDO quantum chemical method and used to study the vibrational spectra of oligomers of thiophene have provided a very useful framework for further understanding of the spectra of the doped oligomers and polymers. The theory of the "effective conjugation coordinate," which already explained the spectra of polyacetylene, provides a way to carry out in an unified way the detailed interpretation of the spectra and dynamics of polythiophene and its oligomers, pristine, doped, and photoexcited.
The understanding of the structure of these materials reached with the use of the vibrational spectra interpreted as discussed in papers I and II is the following: ( 1) The effective conjugation of the 7~ electrons in the pristine material does not extend at great lengths along the polymer chain since the Raman spectrum is not much different from that of Th,. This fact may originate either from a confinement of the electrons in short segments chemically decoupled or to an intrinsic property of the electron delocalization along the perfect lattice. The sulfur atom plays a role in affecting the electronic delocalization and the derived spectrum.
(2) Clear evidence is collected that the samples studied by different groups consists of chains with a distribution of conjugation lengths. This information is derived from the fact that our approach has allowed us to identify spectroscopic features (neglected or unknown to some authors) connected with conjugation length. The chemical characterizations of various samples are then made possible with Raman spectra. (3) The conjugational defect created by doping or by photoexcitation have almost identical spectra, thus almost certainly they have very similar structures. The spectra are consistent with a defect with Th rings in a "quinoid" structure. The size of the defects is of 2 5 Th rings. (4) As already stated for polyenes, the decision from the vibrational spectra whether the defect is a polaron or bipolaron is not unequivocal. The combination of spectroscopy and quantum chemistry favors the bipolaron. (5) In addition to chemically relevant information vibrational spectroscopy and quantum chemistry provide further data on the physics of electron delocalization in PTh system. A strong confinement of the P electrons seems to occur.
